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WiMAX/SWITCHED BEAM ANTENNA/90° HYBRID COUPLER/CROSSOVER 
 
 So far, WiMAX (Worldwide Interoperability for Microwave Access) has been 
assigned for three frequency bands: 2.5GHz (2.5 - 2.69 GHz), 3.5GHz (3.4 - 3.6 GHz) 
and 5.8GHz (5.725 - 5.850 GHz). These frequency bands are allocated in different 
areas. This technology makes Internet connection possible for remote area or some 
inaccessible area. However, there is still some limitation for some wide areas as 
sometimes the transmitted signal is blocked by houses, trees, mountain or building. 
These can cause some adverse effects such as multipath signal, fading signal and 
interference signal. So far, smart antenna systems have been envisaged to tackle the 
mentioned problem as they are able to steer main beam to desired direction while 
pointing its nulls or sidelobes to direction of interference signal. This process is so 
called beamforming. This thesis work focuses on switched beam antennas as being 
the simplest type of smart antennas. These systems are also not complex and costly. 
To support all frequency bands for WiMAX, switched beam antennas have works 
well for wideband signal. However, from literatures, most of the work dealing with 
switched beam antennas cannot works well for wideband signal. According to this, 
their ability to combat interference signal is degraded when applying to wideband 
signal. Therefore, this thesis proposes some developed design for hybrid coupler and 
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crossover as being important component of switched beam antennas. After achieving 
the developed design, some prototypes are constructed and tested in laboratory. 
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WiMAX = Worldwide Interoperability for Microwave Access 
LOS  = Line Of Sight  
NLOS  = Non Line Of Sight  
BSS  = Base Station 
SS  = Subscriber Station 
CPE  = Customer Premises Equipment 
PMP  = Point to Multipoint 
PTP  = Point to Point 
λ   = '()*+)(',-./ 
k  = 0*)+1,2',-./*3'4)154)ก78 2π λ  
β   = '()*94):1;<2=:<)+=)ก)>?94,@9A/ 
I  = '4)<7*BC@<D5EDF2=:กC@?<53.กC@9GA/<)+=)ก)> 
W  = '4)<7*BC@<D5EDFก)CH4(:/IJ)0/7ก2=:<7KK)L 
A  = ?=*M,DNOP 
r
ε   = '4)':97(QP=D1,Rก9CDก 
Z  = =D*M3?P/ST 
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 
(")ก*+ก)ก,(-+% ((	#$)+)	."&ก! /'	ก
*&#$&"	%กก)+0)	 1&((&	#$((ก2 
",' )	(ก2ก/'(	ก(ก2",'
"("	")	 ((	ก)	(ก2ก!(&)".'#$
(ก2"(,*+"	"#)1 (%	&+%1+ก+%
(ก2"(1 ,*+1&*)+ก)-#,*+#$(#)	ก(,*3 (%ก
	กก)((334".&/*)(1)# (5'	ก6ก)	"*& 
&1)	(ก2ก "	((7'("#'	#$ก)ก()7#+%%&'
 
 
2.2  !
"!#!ก$% 
 .  " & ก !  (Worldwide Interoperability for Microwave Access :  WiMAX)    #$  ก  )
ก"/*)()"	7#ก)4(+()".)(.'-กQ&ก.("'%)+R 
"	#$*//)'"'.)(*&)5(-)7%&-กQ&1)0 IEEE 802.16 
!.'ก)7&1ก&&+'+&ก)*& .2. 2547 /'(2ก))&.RR]"	5ก)ก( 
%)+ IEEE (Institute of Electrical and Electronics Engineers) !1ก)*//.)(&
1(ก)(+()&-)	')'"'&*&)5(-` "	)		.ก` /'&1)0 
802.16 1")ก` 	#$"(1 (Line Of Sight : LOS)  *&"*&' "12
"'กก)(+()&- %ก"1ก5,%ก)%)ก)+ก` *&#$)ก)4
&#e3% ก1  +(%3&ก	&(ก'-(&   *))+ 1.& 
f- gg ,%ก))(""(1 .&&#)	(f ก*+*&(-	&
#e3%&กก)()		.ก` ',%&ก)#)#)7&1)0%)(".&-
"(1 (Non Line Of Sight : NLOS) )	."&ก!&"*&%&'(&"*&*+ 
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2.5 GHz (2.50 - 2.69 GHz) 3.5 GHz (3.4 - 3.6 GHz) "	 5.8 GHz (5.725 - 5.850 GHz) !&)2& 
,ก) 30 .& %)+#$)		#)	&4 48 ก/&1) !%&*& ."&ก!(&)
%)ก)*)*7&+กก)	/*)/)2*+)	 3  &ก 10  
กก5&1)*&)5ก)(6&-(-(7' 75 &ก	11 (Mbps) !)5ก 
3   30  '"('1) 2.1 "('ก)#)*//."&ก!ก*//
.)("1` 
 
1) 2.1 ก)#)*//.)("1` 
*// &1)0 *)+ 1)*&)5 )		 *& 
Wi-Fi IEEE 802.11a WLAN (-(7' 54Mbps 100 &1) 5GHz 
Wi-Fi IEEE 802.11b WLAN (-(7' 11Mbps 100 &1) 2.4GHz 
Wi-Fi IEEE 802.11g WLAN (-(7' 54Mbps 100 &1) 2.4GHz 
WiMAX IEEE 802.16d WMAN 
(-(7' 75Mbps 
(20MHz BW) 
#ก1 6.4 - 10 
ก/&1) 
Sub 11GHz 
WiMAX IEEE 802.16e 
Mobile 
WWAN 
(-(7' 30Mbps 
(10MHz BW) 
#ก1 1.6 - 5 
ก/&1) 
2 - 6GHz 
WCDMA/ 
UMTS 
3G WWAN 
(-(7' 2Mbps/ 
10Mbps 
(HSDPA) 
#ก1 1.6 - 5 
ก/&1) 
1800, 1900, 
2100MHz 
CDMA 2000 
1X EV-DO 
3G WWAN (-(7' 2.4Mbps 
#ก1 1.6 - 8 
ก/&1) 
400, 800, 
900, 1700, 
1800, 1900, 
2100MHz 
EGDE 2.5G WWAN (-(7' 348Kbps 
#ก1 1.6 - 8 
ก/&1) 
1900MHz 
UWB 
IEEE 
802.15.3a 
WPAN 
(-(7' 110 - 480 
Mbps 
10 &1) 7.5GHz 
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2.2.1 !&
 ''#!ก$% 
 IEEE 802.16 : #$&1)0%)		ก) +&/ 1.6 - 4.8 ก/&1)
#$&1)0'((7 LOS 
 IEEE 802.16a : #$ &  1)0  "ก .  # )  # )7   ก  IEEE 802.16 ' &  
!*74(&1'.')ก)"ก.ก&1)0 802.16 '& *+*74(&1ก)))ก), 
&*74(&1ก),&+&(ก'    1.& *) gg กก %
(&))	*)+ +&11)51.)(*&)5(-.'ก')2& 
ก),ก).ก 31 .& %)+#)	&4 48 ก/&1) "	&1)*&)5ก))(&-
(-(7' 75 &ก	11 (Mbps) ,%(&)))ก) +&1ก) )	*)+
) (#)	f 1 (T1 - type) ก 60 )"	ก) +&1" DSL 1&)+ 
ก2ก%)*))+.')&ก/'.&ก'#e3%ก)  
 IEEE 802.16d : .'-ก7&1&+'+&7 !&1)0 IEEE 802.16d 
.'Q&ก&1)0 802.16a /'(.'&.# &7'#)	(*+,ก)#)#)7
#)	(fก),(,%) 802.16 /'z	()RR{ก(334 
 IEEE 802.16e : #$&1)0ก"&%((7ก) )&ก
7#ก)4ก#)	f1`   PDA "	  Notebook #$1 /'%)2&,  1.6 - 4.8 
ก/&1) &)	 %6- (&)(+().'/'%*74fก)(+()'"	 
&()f4	 "&&ก)*+-1'ก51& 
กก&	%5&+&ก),*//."&ก!& กก
*)+*//."&ก! (&) +&1*)+1)51'*&)5(-.#
(1` )2&#)	&4 50 ก/&1) ,%)4'กก#$ WMAN (Wireless MAN) 
.#1/&1*)+.)( '"(')-# 2.1 
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)-# 2.1 "6f)	."&ก! 
 
2.2.2 ' (
 )#!ก$% 
 /*)()*)+."&ก!#)	ก' 
1) (0 (Base Station : BSS) ,%**7&ก),%&' Cell Site 
"	 +&1ก Wired Internet Backbone 
2) (-ก (Subscriber Station : SS) ,%1'1ก(( /'6
7#ก)4-ก)ก CPE (Customer Premises Equipment) #$(&+ Hub ,%#$1ก
ก))"	(&-ก,(-+%1'1)		.ก.' 
ก*#)	ก*)+1 	%5.&&*&!!'  ก)4
*)+/)2*+ /'(0."&ก!"1	"%&*&(&)ก)#)	&6
&-.'(&-)4" )&(&)ก&-ก)  "	*,4%(ก)
)(&-!-)-# IP (Internet Protocol) .'/'1) (,%)ก) +&1*)+ 
."&ก!%ก,.'%.&	#$ก) *)+ IP + +&1(0'ก 
%)+"&ก)	 (0."&ก!'ก ,ก))((334" LOS กกก)4
6-%)ก)*)+."&ก!&*)+/)2*+#$1-"ก5(&) 
#)	/ ก)(+(334 +&17#ก)4*)+/)2*+'ก 
2.2.3 +ก
,)!#!ก$% 
1) )-#"ก) +&1" PTP (Point to Point) #$ก) +&1/'1))	%
(0ก-ก 
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2) )-#"ก) +&1" PMP (Point to Multipoint) #$ก) +&)	%
(0ก%` (-ก)&ก 
3) )-#"ก) +&1" Mesh Topology #$ก) +&ก4	"&&7&
/'(01'1ก(0 (01'1ก-ก -ก(&)1'1ก.'' 
 2.2.4 .ก/01ก12ก#!ก$% 
  2กfก)%)ก)(+()&-."&ก! %&1ก)%)ก)
+ก)%)ก)"	1)*&)5(&- #e7(."&ก!"1	"%
(&)%)ก)" NLOS .')2&,ก)1"1 4 - 9 ก/&1) ))ก)(+()'
1))5(-(7'  8 - 11.3 &ก	11  ก)((334ก*)+-ก .#
(0 "	ก(0.#(-*)+-ก (,%)ก) ."&ก!(+())		.ก
)-#"ก)((334" LOS 	(&)((334.')		 30 - 50 ก/&1) 
.'&ก)ก,%'*&(,%)ก) 1+1` /ก ' 
 #&)ก%+ ก,%'%  2.5 "	 5.8 GHz 
 #&)ก1 ก,%'%  2.5 3.5 "	 5.8 GHz 
 #7/)#"	  ก,%'%  3.5 "	 5.8 GHz 
2.2.5  45ก5
6
 )#!ก$% 
 
) !
7 (,%)."&ก!.'%1)*&)5ก)(
(334&-&ก 75 Mbps /' ก.กก)#*+(334%#)	(f(- 
(&)((334ก.#.')		.ก&ก 30 .& %)+ 48 ก/&1) f1*+
*&)	'(-&#)	(fก),(- ก5.&&#e3%)+(334(	ก
' กก"(0(&))4*&%&	(&)	%*&)5"	
)		.'ก 1  %กก)  **" 64QAM (Quadarature Amplitude 
Modulation) .&(&)))ก)(+()&#)	(f.' ก)#.#  16 QAM %)+ 
QPSK (Quadarature Phase Shift Key) !	 &)		ก)(+()%&ก.' 
 กก  4! กก."&ก!	 **ก)"#(334
%*&*1ก) (-"	&#)	(f" &1)0 IEEE 802.16a (&)
))ก),)&ก*//!+ก)%)ก)%ก&ก 1  
)	*)+  (#e1ก))&"6(&6( (Mesh Topology) "	**ก) ก
(ก2ก (smart antenna)  #)	%'17"	&1)*&)5ก))((334
%(&))	ก), ++(- 
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 ก !6/ #$*74(&1&*&(,*3 /'*74(&1
ก))ก*&&-"	ก))%(&--&1)0."&ก!	 %ก)(+() 
&*&#'f "&&)	1)((ก) "	&)	ก))%(&-1' 
 ก:66 !( ;ก (QoS - Quality of Service) (,%)
)	*)+.)(&1)0."&ก!&*74(&1' QoS ))ก),ก))ก)
(334("	(334'/ !1ก))	*)+,'*&)')5 )ก)(
."&ก! 	-)-#)ก) Time Division Multiplexed (TDM) %)+)-#" 
Voice over IP (VoIP) ก5.' /'/#)1)(&)ก,%')	'*&(,*3ก) %
%&	(&ก)-#"ก)  (,%))ก)%*ก)7)ก 6- 1&)+ #$1 
2.2.6 ',%#!ก$% 
1)  %6-%)ก)(&)+ก)%)ก))'"'.'
)')5"	&#)	(f 
2) (&)/*)1)51*&)5(-/'.&&,ก'f-&#)	2 
3)  +&1"7'%.#%` 7'.' 
4) *&*7&*ก)7 
 
2.3 (ก.L6  
 (ก2",' (antenna array) #$ก),(ก2&)1ก)-#"1` 
/'&)		%(ก2"1	1" !(ก2"1	1,&')%#$ 
",')ก *#)	ก (element) !ก),(ก2&')#$",'  
,.'/' (ก2&ก4	%&+ก%` *#)	ก"ก) (ก2
*#)	ก'&'%3&ก !	,%(&)&*(f	2"	*
1)(ก2.' (ก2",'#$(#)	ก%,#$&ก1)	
(ก2ก,%(&)%,*+%ก (main lobe) .#21&(3341ก)"	
(&)%,*+) (side lobes) %)+7'2- (nulls) .#2(334")ก('.'
'ก)	ก),%ก(ก2"1	1 !	ก(1.# (ก2"
,' ก")% *+ (ก2",'" ("	(ก2",'"
 )	 /'&)	''1.# 
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 2.3.1 (ก.L6
,
( 
  (ก2",'" ( (linear antenna array) #$(ก2",'
&ก))1ก(ก2"1	1#$"(1) !)		%)	%(ก2"1	1
	ก%)+.&กก5.' (ก2",')-# 2.2 #$(ก2" (, N 
1%)+ N×1 1 ก)1(ก2(ก2",',#$	1*,
)		% (d) "1	*#)	ก' +ก)		%(ก2"1	1	&6
1ก)"6ก)	*+(ก2 /'#ก1"(ก2"1	1	1%ก*) 
*&*+ !(&)*,4%)		%)	%(ก2"1	1.'ก(&ก) (2.1) 
 
2
d
λ
=                       (2.1) 
 
&+ λ *+*&*+ 
 
 )-# 2.2 "('(ก2" ( N×1 1/')		%(ก2"1	1
ก7ก1"	&"&-'ก"1(ก2"1	1'&ก1 1 %)+1	&
R(&กก&+ก1ก% !(ก2",'&)-#"'ก	)ก 
",'(&,(& (uniform array) 
 
    
 
 
)-# 2.2 (ก2",'" (, N×1 1 
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)(&)%*(ก2",'กก)*-4ก)	%*
(ก21'7'%)+7'ก,'ก1#)	ก",' (Array Factor : AF)  
1#)	ก",'(ก2",'"((&)%.'ก(&ก)1.# 
 
( cos ) 2( cos ) ( 1)( cos )
1
j kd j kd j N kd
AF e e e
θ β θ β θ β+ + + + + − += + + + +K    (2.2) 
 
( )1 (cos )
1
n
j n kd
n
AF e
θ β− +
=
= ∑
        
(2.3) 
 
( )1
1
n
j n
n
AF e
− Ψ
=
= ∑                                                                                                             (2.4)
  
&+   coskdψ θ β= +  k  *+%& *+  (wave number) = 2π/λ d  *+  )		% 
)	%(ก2"1	1"	 β  *+ *&1R((ก2"1	1 ก(&ก) (2.4)  
)(&)')-#(&ก).'' 
 
2 3 ( 1)
( )
j j j j j N jN
AF e e e e e e
ψ ψ ψ ψ ψ ψ−= + + + + +K                                                      (2.5) 
 
"(&ก) (2.4)  (2.5) 	(&)')-#(&ก)%+ 
 
 ( )( 1) ( 1 )
j jN
AF e e
ψ ψ− = − +                                                                                     (2.6) 
 
"	')-#(&ก)	.' 
 
1
1
jN
j
e
AF
e
ψ
ψ
−
=
−
 
 
           
 
 
( )
( ) ( )
( ) ( )
/ 2 / 2
1 / 2
1/ 2 1/ 2
j N j N
j N
j j
e e
e
e e
ψ ψ
ψ
ψ ψ
−
−  
−
−
=
−
 
 
 
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( )1 / 2
sin
2
1
sin
2
j N
N
e
ψ
ψ
ψ
−  =
  
    
      
                (2.7) 
 
 ก,%'%7'-1)7'2-ก(ก2",' '*)		%
(ก2 d  = 0 "	 β  = 0 ' (&ก) (2.7) 	(&)')-#.'ก 
 
sin
2
1
sin
2
N
AF
ψ
ψ
=
  
    
                    
(2.8) 
 
* ψ 	+&ก` ')(&)#)	&4*(&ก).'ก 
 
sin
2
2
N
AF
ψ
ψ
≅
  
    
 
           
(2.9) 
 
 *(-(7'(&ก) (2.8) "	 (2.9) 	&*ก N +	ก,%'%*1#)	ก
",'#$&1)0)1ก,%'%*(-(7'"1	(&ก)ก% '(&ก)
&1)01#)	ก",'*+ 
 
( )
sin
1 2
1
sin
2
n
N
AF
N
ψ
ψ
=
  
    
              
(2.10) 
 
( )
sin
2
2
n
N
AF
N
ψ
ψ
≅
  
    
 
          
(2.11) 
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'&+))*1#)	ก",')	(&)%*(ก2"
 (.'/' (&ก)1.# 
 
E(6)&) = [E ((ก21' 4 7')] × [1#)	ก",'] (2.12) 
 
2.3.2 (ก.L6
, 
  (ก2",' )	 (planar antenna array) #$)-#"#)	7ก1 
&ก)-#"(ก2",'"(.' 2.3.1 (ก2"1	1-ก'1
#$(%&%)+)ก(ก2",' )	 (ก2",' )		& 
")-#ก)"6 +'%7ก" ( *+(&)**7&"	#"# 
")-#ก)"6.' '(ก2",' )	&*&ก#)	(*&ก"	
(&)%")-#ก)"6&*&(&'7"	&-)1, .#ก(ก2",'
" )	(&)	%-%ก&7&"	7ก` 2)1 360° '(ก2"
,')	%&	กก),.# )'% ก) )		.ก (remote sensing) ก)(+()
.)("	)&)	(ก2ก' 1&.'.%(+ Allen, B. and 
Ghavami, M. (2005) 
 
   
 
 
  
  
γ
 
 
)-# 2.3 (ก2",'" )	, 2×2 
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)(&)*,4%(ก2",'" )	/' (&ก)
 (2.12) .' 'ก(ก2",'"( "1	&*1#)	ก",'"1ก1ก
!(&)%.' /'ก)-# 2.3 	.' 
 
 ( )ˆ ˆ ˆ ˆ ˆ ˆcos sin cos sin sin cosx r x x y zγ θ φ θ φ θ= • = • + +a a a a a a  
 
 sin cosθ φ=         (2.13) 
 
  &+   ˆxa  ˆ ya  ˆ za  "  	  ˆra  *+    ก  1  ) %   %      " ก   x y z "  	  r 1  & ,  '  
θ  *+ &7&"' "	 φ  *+ &7&")	 &+)4z	""ก x 
)	.'*1#)	ก",'' 
 
( 1)( cos )
1
1
x x
M
j m kd
x m
m
AF I e
γ β− +
=
=∑
        
 
&+ φθγ cossincos =  
 
 
( 1)( sin cos )
1
1
x x
M
j m kd
m
m
I e
θ φ β− +
=
=∑                         (2.14) 
 
&+ 1mI  *+*(&#)	(ก)	"(ก)	17(ก2"1	1 xd  *+)		% 
(ก2"1	1""ก x "	 k  *+ **ก)"6ก)	*+ก2 xβ  *+ 
**&1R((ก2"1	1""ก x "	 m *+1,"%(ก21&
""ก x &+)4z	""ก y  'กก)4"ก x )	.'*1#)	ก
",'ก 
 
( 1)( sin cos )
1
1
y y
N
j m kd
y n
n
AF I e
θ φ β− +
=
=∑
      
(2.15) 
 
 &+ 1nI  *+*(&#)	(ก)	"(ก)	17(ก2"1	1 yd  *+)		%
(ก2"1	1""ก y 
yβ  *+**&1R((ก2"1	1""ก y 
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"	 n *+1,"%(ก21&""ก y ')(&)%*1#)	ก"
,'"ก x "	 y )&ก%)+)ก")	.''ก)*-4*1#)	ก"
,'"ก x "	 y 'ก	.' 
 
( 1)( sin cos )( 1)( sin cos )
1 1
1 1
y yx
N M
j n kdj m kd x
n m
n m
AF I I e e
θ φ βθ φ β − +− +
= =
=
 
  
∑ ∑
   
(2.16) 
 
(&&71%"&-'(ก2"1	1"ก x "	 y &*ก	.' 
 
1 1mn m n
I I I=                    (2.17) 
 
 "	ก,%'%"&-'&*ก%%	.' 0mnI I=  ')(&)')-#
(&ก) (2.16) %+ก 
 
 
( 1)( sin cos )( 1)( sin cos )
0
1 1
y yx
M N
j n kdj m kd x
m n
AF I e e
θ φ βθ φ β − +− +
= =
= ∑ ∑               (2.18) 
 
 'กก(ก2",'"()(&),(&ก)*1#)	ก%-)-#
&1)0.'/' Reก .!1&"('(&ก) (2.10) "	 (2.11) !	.'ก 
 
( )
sin sin
1 12 2
,
sin sin
2 2
x y
n
x y
M N
AF
M N
ψ ψ
θ φ
ψ ψ
=
     
          
  
               
              (2.19) 
 
&+ 
 
 sin cosx x xkdψ θ φ β= +                  (2.20) 
 
 sin cosy y ykdψ θ φ β= +                  (2.21) 
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2.4 (ก.
ก 
 )	(ก2ก (smart antenna systems) .')&Q&1"1 # *.2.1980 
#$1& "1'&)	(ก2ก.'-กQ+ )	)')"11&.'-ก,&
#)	7ก1 ก(+().)(#$& !)	(ก2ก	#)	ก'ก7&
(ก2%` 1')1ก)-#"1` ก )&กก)#)	&6(334
"	1,"%+#)#)7#)	(f%ก)	(+().)(%' 
)-# 2.4 "('(#)	ก(ก2ก!#)	ก' 2 (%ก` .'"ก
(ก2",'"	 7'#)	&6(334 !)	#)	&6	,%ก)%
2(334& (Direction of Arrival : DOA) "	ก)*,4+ก)-#,*+  1&.'
"('%(+ Liberti, J.J.C. and Rappaport, T.S.(1999) 
 
 
 
)-# 2.4 )	(ก2ก 
 
(ก)%,*+ )	(ก2ก(&)%,*+%ก.#2
(3341ก)"	7'2-.#2(334")ก('.''ก)#)R( %)+"&-'
(334&(ก2",'"1	1 +%,*+%ก.#21ก)"	 
%7'2-.#2(334")ก(' !ก)#)R(%)+"&-')ก 
ก),%ก (ก2"1	1	&*(&#)	(ก),%ก"1ก1กก.#1&&7&
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R((334&1กก)	(ก21` /'%กก)+1ก)%,*+(&)
.'/'ก) )	(ก2",'" (, 2 1'"(')-# 2.5  
ก)-# D *+)		,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1 2outy y y= +                    (2.22) 
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dd Ay =2                  (2.23) 
 
ii Ay =2                   (2.24) 
 
dj
dd eAy
θ=1                  (2.25) 
 
ij
ii eAy
θ=1                  (2.26) 
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ก21 1 (334
")ก('1กก)	(ก21 1 (3341ก)1กก)	(ก21 2 "	
(334")ก('1กก)	(ก21 2 1&,' dA  *+ *(3341ก) 
1กก)	(ก2 iA  *+*(334")ก('1กก)	(ก2 ' 
 
 ( )2 2 2 2d i d iy y y w A A= + = +                   (2.27) 
 
( )1 1 1 1 d ij jd i d iy y y w A e Aeθ θ= + = +                  (2.28) 
 
"*(&ก) (2.27) "	 (2.28) (&ก) (2.22) 	.' 
 
( ) ( )2 1 2 1i dj jout i dy A w w e A w w eθ θ= + + +                (2.29) 
 
)1ก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 A
i
 ก2-+ก,'(33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)
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d
 ก A
d
 +*)ก(33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)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 2 1 0
ijw w e
θ+ =                   (2.30) 
 
 2 1 1
djw w e
θ+ =                    (2.31) 
 
&+(&ก) (2.30) )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 2 1
ijw w e
θ= −                                                                                                             (2.32) 
 
"(&ก) (2.32)  (2.31) 	.' 
 
 1 1 1
i djjw e w e
θθ− + =                    (2.33) 
 
 
( )1 1d ij jw e eθ θ− =                    (2.34) 
 
')	.'*(&#)	(ก),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ก21 1
ก 
 
 ( )
1
1
d ij j
w
e e
θ θ= −
                                                                                                     (2.35) 
 
 'กกก)%*(&#)	(ก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,%ก(ก21 1 &+(&ก)
(2.30) )	.' 
 
 
2
1
ij
w
w
e
θ
−
=                                                                                                         (2.36) 
 
"(&ก) (2.35)  (2.31) 	.' 
 
 
2
2 1
d
i
j
j
w e
w
e
θ
θ− =                                                                                                          (2.37) 
 
2 1 1
d
i
j
j
e
w
e
θ
θ− =
 
 
                     
(2.38) 
 
2 1
i d
i
j j
j
e e
w
e
θ θ
θ
−
=
 
 
     
               (2.39) 
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2
i
i d
j
jj
e
w
e e
θ
θθ
 
=  
− 
                                                                     (2.40) 
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)-#,*+
    , +   +   - , + $
, + +      *)+ก)-#,*+ก&% 
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   , +   , $      5 - 5
  , +            , +
    -)+(334
       , +  $   
,   , +  
 
   1 
         , +%ก.#2
  ก)#7'#]
       ,  2ก*+ 
+ $ "	 
   
    , +   
+  ,   $   , +      
+   - , +  (beamforming 
    , +   +   - , + $1#) 
+   - , +       
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"1&)	(ก2กก5*+ "1)&1)ก! 1&.'"(' 
Moody, H. (1964) !	 .'ก(ก2",'" ( (linear array) &' 
4×1  
)-#  2.8 .'"('f)&1)&1)ก! !#)	ก'(ก2" 
",', 4 1 "1	11%ก*)*&*+*&  &+(334
1กก)	&(ก2 (334	-ก(6.#1 +&1".)' 90º (90º hybrid coupler) 
, 4 1 1.(334 (cross over) , 1 1 "	1+R( 45º (phase shift 45º) , 
2 1 1&.'"(')-# 2.8 1) 2.2 "('%%5*&1R()	%(ก2 4 
1"	(334ก 4 )1!(&ก2-*+%ก "	)-# 2.9 %%5"
)-#ก)"6 4 2.'กก),66/#)"ก)&*&1)!&ก) 
 2,*+%ก.# 42º 71º 109º "	 138º !('*ก*1) 2.2 
 
 
 
)-# 2.8 /*)()*)+ก)-#,*+"1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1) 2.2 2-*+%ก *&1R( "	R((334ก(,%)*)+ 
ก)-#,*+"1)&1)ก! 
 (ก2 
#1 
(ก2 
#2 
(ก2 
#3 
(ก2 
#4 
2
-%ก 
*&
1R( 
(334ก #5 -45° -90° -135° -180° 109° -45° 
(334ก #6 -135° 0° -225° -90° 42° 135° 
(334ก #7 -90° -225° 0° -135° 138° -135° 
(334ก #8 -180° -135° -90° -45° 71° 45° 
 
 
 
)-# 2.9 ")-#ก)"6 4 ,*+.'กก)ก)-#,*+ก1)&1)ก! 
 
2.5.1.1  
%#N6:% 90º 
 1*##)".)' 90º *+7#ก)4 +&1กก2 ,%
ก)"ก(334-ก(&)171 "	(ก.#)1171ก /'
)1171(	&*&1R(ก 90º )1-''กก)171	#$)1
"ก  &+(334-ก(&)1 1 (334	-ก(ก)1 2 "	)1 4 
	` ก &ก,'*)%ก,'& 3 dB /'(334)1 2  &*&
1R(ก 90º )1 3 #$)1"ก (334	ก&ก` #)	&4.'#$2- "	
ก4	'ก #](334)1+ ก,กก'1)&	-ก"%+
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*)% "1)1-''กก(334	.&ก(&+#$2- .)' '()
&ก.&/*)(1)#'"(')-# 2.10 !ก)ก" ก)ก"ก 
Collado C., Grau A., and De Flaviis, F. (2006) /'	"('ก)*)	% 3 '.# 
 
 
 
)-# 2.10 /*)()1*##)".)' 90º 
 
2.5.1.2  #(;;5 
 1.(334#$7#ก)4 "ก(334/'%%ก1.(334
*+ 	,%ก).(334-ก(&   &+&(334)1 1 .&/*)(1)#
".(334	*%(334.#ก)1 4 &ก(7'	#$.#.' ()1
 2 "	)1 3 #$)1.&*)&(334ก%)+%(334ก(7'	#$.#
.'"	,'ก&+&(334&)1 2 .&/*)(1)#".	*%
(334.#ก)1 3 &ก(7'	#$.#.' ()1 1 "	)1 4 #$)1
.&*)&(334ก%)+(334ก(7'	#$.#.'/'"('')-# 2.11 
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2.5.1.3 
)
R( 45º 
 1+R( 45º ,%#$6(334 /'&%กก)ก),*+ 
&+&(334&1กก)	(ก2(334	-ก(.#1 +&1".)' 90º "	
1.(334 ก(33461+R( 45º "-ก(61.(334"	
1 +&1".)' 90º ก*)% ')+R(#$7#ก)4(%ก),
)&ก)1)&1)ก! /'"('')-# 2.12 
 
 
 
 
 
)-# 2.12 1+R( 45º 
 
2.6 	ก((;;5#!' ( 
 (((334".&/*)(1)##)	ก.#'1,.RR]""6 "	)	ก)'
/'&.'5ก1)ก-1)ก '"(')-# 2.13 /'*.'5ก1)ก	-1)ก)	%
1,.RR]""6"	)	ก)' ก)ก"(((334.&/*)(1)#	&
)& 1)(,*3 *+ *&ก1,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""6 (W) *&(-0)) (h)  
*&"6 (l) *&%1,.RR]""6 "	**(f&.RR]
('7 ( rε ) #$1 
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(33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 (&"&%5ก.RR]-(((334".&/*)(1)#.&.'))7- 
0)) "1ก)"6ก)	*+	"6ก)	*+ก.#ก(((334" 
.&/*)(1)#'"(')-# 2.14 'ก)"6ก)	(((334".&/*)(1)#	
.& /%&' TEM "1	#$ Quasi - TEM *&)5R((((334".&/*)(1)#
(&)*,4.'ก(-1) 
 
 e
p
c
V
ε
=
                   
(2.42) 
 
&+  *  c  *+ *&)5"( 
        * eε *+ **1.'5ก1)ก(&#)	(6 
 
(&ก)%*(f&.RR]('7(&)*,4.'ก(&ก) (2.43) "	%
*&"'!*74ก4	 (characteristics impedance : Z0) .'ก(&ก) (2.44) 
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
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+
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1
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1
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(2.43) 
 




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







 ++




 +





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=
444.1ln667.0393.1
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4
8
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60
0
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W
h
W
h
W
W
h
Z
e
e
ε
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1<;
≥
h
W
h
W
             
(2.44) 
 
/'        W *+ *&ก(.&/*)(1)# 
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&.RR]('7 
                                 h *+ *&(-('70) 
 
ก	&*,4%*&ก(((334".&/*)(1)#!(&)
*,4.'ก(&ก) (2.45) 
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( ) ( )



















−+−
−
+−−−
−
=
rr
r
A
A
BBB
e
e
h
W
εε
ε
π
61.0
39.01ln
2
1
12ln1
2
2
8
2
 2;
2<;
≥
h
W
h
W
           
(2.45) 
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
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



+
+
−
+
+
=
rr
rrZA
εε
εε 11.0
23.0
1
1
2
1
60
0
                
(2.46) 
 
rZ
B
ε
π
02
377
=                    (2.47) 
 
)	  A ก51&+,* A .'.#"*(-1) (2.45) ".' w
h
<  2  ก)4 w
h
>  2 %
  B "	*,4%*&(((334".&/*)(1)#.'ก(&ก) (2.48) 
 
0
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k
l
eε
π






=
o
o
                   (2.48) 
 
&+ k
0
 (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)%.'ก(&ก)1.# 
 
c
f
k
π2
0 =
                 
(2.49) 
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0
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ก2 
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& 
 6.'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)*,4 *+ *&ก1,.RR]""6 (W) *&(-
0)) (h) *&"6 (l) *&%1,.RR]""6 (&),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)&1)
%.# ก)ก"(((334".&/*)(1)#.' 
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2.7 VกL !Lก(ก.
ก
)	(ก2ก #e7(%3	 ก(334&"*&"*
(narrowband) "1+ก6- #e7&*&1ก))	ก)(+()
f"	(&*74f' )&1ก)ก))(&-)5 !)	ก)(+()
".)(	1(&),.''"*&ก 
%)+"'' (bandwidth
)ก 2("*&
 
)( +
−
=
lh
h
ff
ff
FB
 
&+ hf  "	 lf  "*&(-(7'
&"*&"*	&*
"*&กก51&+*,4*
 Ghavami, M. (2002) 
 )-# 2.15 "('")-#ก)"6(
(ก2"1	1&")-#ก)"6")2"	%ก
,"*&"**&
(334")ก(' -40º "1&+.',& ก(334&"*&ก"('')-#
1"1"*& 1.5 - 2.5
ก)"6ก)	*+(((334".&/*)(1)#
    
   e 7         
 + -  e 7    +
   7           -  5    +
   ,     (wideband) /'ก)&"*& 
) 	&ก 1)("*& ก*&ก %)+
 (Fractional Bandwidth : FB) '(&ก) (2.50
%100
2/
×l      
 - 7  "	*&1,(7'*& 
      FB 5ก *+ก 1% ((334	-ก)ก&
  5  + ,   FB "&*)	% 1%  50 % 1&.'"('
-   ก2ก (ก2",'
   -      ก*)*&*+ 
,     2 GHz &2(3341ก)ก
 +  ,         - 
 GHz !กf	%5.'*&(&)ก)
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 +     
   e 7         
 + -  e 7    + ".)(ก)(
   7           -  5    +
 
     +
) 
            (2.50) 
 , 7     (,%)(334
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   
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,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 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ก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-	%M$/&N'&+)กก
+%ก
/
&\#& /
\//&/
/)$#

/ก1 
  
 
 
 
 
 
 
49 
 
)
/) 2.5 - 2.69 GHz 3.4 - 3.6 GHz # 5.725 - 5.850 GHz -ก
./

./.)	%
&\#&) 3.2  
 
) 3.2 ก
./)/M*/)_ $


 90º 
./ 
*
/) 
2.5 GHz 3.5 GHz 5.8 GHz 
l
h1
 = 19.5 // 1.9 - 3.36 GHz 1.9 - 3.36 GHz 4.43 - 6.25 GHz 
l
h1
 = 17.3 // 2.125 - 3.54 GHz 2.125 - 3.54 GHz 4.67 - 6.48 GHz 
W
v
 = 3.6 // 2.125 - 3.54 GHz 2.125 - 3.54 GHz 4.67 - 6.48 GHz 
W
v
 = 4.15 // 2.157 - 4.08 GHz 2.157 - 4.08 GHz 5.46 - 7.62 GHz 
 
 ก) 3.2 ^&ก
./ l
h1
 # W
v ก)
)/%	ก
 l
h1
 = 9.5 //1)^)/%)%ก-( ก	
/&N'&+)กก+%ก

\/&*$
/) *
/)) 2.5 
GHz # 5.8 GHz )+ l
h1
 = 17.3 //1)
/)* 3.5 GHz //&N'&+
)กก+%ก

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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+)กก+%ก

\/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) 3.7 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)&N$#/&N'&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  /)%$/	N) 3.7 %-/-M%+0ก/ CST Microwave 
Studio %#%Mก-N) 3.8  3.11 	N) 3.8 /&N'&+)กก
+%ก
	.) 1 2 3 # 4 /-
$


 90º 

&/

/) ก)%.
\ก($/ก&#%ก
$&''(+N	)
% /
)-ก -10 dB */) 2.5 - 2.69 GHz 3.4 - 3.6 GHz # 5.725 - 5.850 GHz 1)#
&%ก
&)) (Voltage Standing Wave Ratio : VSWR) ก
 2 )-ก 
&/ก/*)&	 Barrick, D., and Benmoussa, Z. (2006) ก 
)1(
)1(
Γ+
Γ+
=VSWR  
/) VSWR = 2 #-	%%&/#&Owก&#%ก
 Γ  ก
 0.33 #-/
.)&N'&+)กก+%ก
 LR  ก Γ−= log20LR   33.0=Γ  %
&N'&+)กก+%ก
ก
 -10 dB )/+/\ก()ก

#%/
&N'&+)กก+%ก
ก
 -10 dB #-	%&))+N	)&/
% 
กN) 3.9 #S&/&M&''(%#/ก&M&''(ก.) 1 +
.) 2 #.) 4 %/ก#/$%	ก%+ก&. #&''(#//ก
&M+).)  1 #.)  3 #.)  2 +.)  4 &	N)  3.10 
กก/\/]&$&''()&	N) 3.11 /)/ก&&''($%.) 1 Mก
).) 2 # 4 #//]&)%#// 90º /กก 1)&/&\/
\#&%


 90º )%ก

%&/	*%%&/

/)$#

/ก1 2.5 - 2.69 GHz 3.4 - 3.6 GHz # 5.725 - 5.850 GHz #& 
./	#/)$N) 3.8  3.11 #&	) 3.3 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N) 3.8 /&N'&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) 2.5 - 2.69 GHz 3.4 - 3.6 GHz #5.725 - 5.850 GHz 
  
 
 
 
 
 
 
52 
 
 
 
N) 3.10 /&N'&+กก+ก0)+$
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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/) 2.5 - 2.69 GHz 3.4 - 3.6 GHz # 
   5.725 - 5.850 GHz 
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) 3.3 &&./$


 90° 

&/
/) 
/) 2.5 GHz 3.5 GHz 5.8 GHz 
1) /&N'&+)กก+%ก
 (S1,1 
S2,2 S3,3 # S4,4) 
-15 dB -20.98 dB -14.43 dB 
2) /&N'&+)กก*)/ (S1,2)  -2.87 dB -3.86 dB -3.03 dB 
3) /&N'&+)กก*)/ (S1,4) -4.09 dB -2.95dB  -3.41 dB 
4) /&N'&+กก+ก0)+ (S1,3) -14.32 dB -21.78 dB -15.18 dB 
5) /&N'&+กก+ก0)+ (S2,4) -14.35 dB -21.8 dB -15.5 dB 
6) /]&# (S1,2) ก
 (S1,4) 92° 88.83° -93.25° 
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ก	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W
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 = 4.15 /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W
v
 = 3.65 // 2.0028 - 3.96 GHz 2.0028 - 3.96 GHz 5.37 - 7.22 GHz 
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) 3.5 /
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/)) 2.5 - 2.69 GHz -ก)+ก W
v
 = 4.15 // ^ W
v
 = 3.65 // 1)
/$/&N'&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/ก1 
2.5 - 2.69 GHz 3.4 - 3.6 GHz # 5.725 - 5.850 GHz #&\$$$%&''(	N) 
3.12   
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 ก)%กก-M	) 3.5 %-ก&\./$
$%&''()/M/&N'&+)กก+%ก
 /),กVMก#
$./
_ .
/)/ก%$ W
v
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-	%*/)W
ก$+
%/)&N$
#/&N'&+)กก+%ก
/)- 
/)%$/	N)  3.12 %-/-M%+0ก/ CST 
Microwave Studio %#%Mก-N) 3.13  3.15 กN) 3.13 &	%S
/&N'&+)กก+%ก
	#.$$%&''(&/&M&''(
%)ก/)-ก -10 dB */) 2.5 - 2.69 GHz 3.4 - 3.6 GHz # 5.725 - 5.850 
GHz #/ก&M&''(ก.) 1 +.) 4 #&''(ก.) 3 +.
) 2 %/ก 1)&&''(&/M%/ก 0+)&''(#//ก&Mก
.) 1 +.) 2 #.) 3 &	N) 3.14 กก/\/]&$&''(/)/
ก&&''($%).) 1 Mก).) 4 //\/]&กก
/\/]&$&''()
/ก&&''($%).) 3 Mก).) 2 &	N) 3.15 กN) 3.13  3.15 
&/&\%กกก

$%&''(&/	*%%&/
/)
$#

/ก1 2.5 - 2.69 GHz 3.4 - 3.6 GHz # 5.725 - 5.850 GHz 1)กM)%.

^/UVW#&/-	*%&%% #&\%+%&&./	#
/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) 3.6 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/)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/) 2.5 - 2.69 GHz 3.4 - 3.6 GHz  
 # 5.725 - 5.850 GHz 
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N) 3.14 /&N'&+)กก*)/#&N'&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&/
/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/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                        2.5 - 2.69 GHz 3.4 - 3.6 GHz # 5.725 - 5.850 GHz 
 
 
 
N) 3.15 /\/]&$$%&''(

&/
/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)
/) 2.5 - 2.69 GHz 3.4 - 3.6 GHz # 5.725 - 5.850 GHz 
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) 3.6 &&./$$%&''(

&/
/) 
/) 2.5 GHz 3.5 GHz 5.8 GHz 
1) /&N'&+)กก+%ก
( S1,1 
S2,2 S3,3 # S4,4) 
-15.82 dB -19.27 dB -14.75 dB 
2) /&N'&+)กก*)/ (S1,2)  -18.9 dB -19.09 dB -25.04 dB 
3) /&N'&+)กก*)/ (S2,3) -0.62 dB -0.14 dB -0.56 dB 
4) /&N'&+)กก*)/ (S1,4) -0.74 dB -0.18 dB -0.44 dB 
5) /&N'&+)กก*)/ (S3,4) -19.55 dB -18.92 dB -22.83 dB 
6) /&N'&+กก+ก0)+ (S1,3) -10.51 dB -20.8 dB -14.961 dB 
7) /&N'&+กก+ก0)+ (S2,4) -10.68 dB -20.77 dB -15.41 dB 
8) /\/]&$ (S1,4)  -20.31° -211.287° -558.89° 
9) /\/]&$ (S3,2) -20.79° -211.675° -559.88° 
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.) 4.5 +*+1&!


 ! 90º 

+
+))
+) 
2.5 - 2.69 GHz 3.4 - 3.6 GHz % 5.725 - 5.850 GHz 
 
) 4.1  4+&!
 !

 90° 

+
+) 
+) 2.5 GHz 3.5 GHz 5.8 GHz 
1) +.'-)!กก-ก
 (S1,1 
S2,2 S3,3 % S4,4) 
-13.83 dB -21.305 dB -12.608 dB 
2) +.'-)!กก/)+ (S1,2)  -4.309 dB -3.586 dB -7.341 dB 
3) +.'-)!กก/)+ (S1,4) -5.526 dB -4.311 dB -5.439 dB 
4) +.'-!กก-ก0   )- (S1,3) -14.715 dB -20.375 dB -18.147 dB 
5) +.'-!กก-ก0   )- (S2,4) -14.5 dB -20.7 dB -21.1 dB 
6) +1% (S1,2) ก
 (S1,4) 87.661° 90.61° -89.578° 
 
4.3 ก
 *++

'(
'( 
 !กกก

&''(

+
+))  	& 3.2.2  
&''(

+
+)+) ก

   	.) 4.6 G
2ก 
++.'-)!กก-ก
)Gก -10 dB   	.) 4.7 %+ก2''(
!ก4) 1 -4) 4 %2''(!ก4) 3 -4) 2  +ก F) 
''(+ 2 +ก 0 -)''(!%++ก2!ก4) 1 -4) 2 
%4) 3   	.) 4.8 %+*+1&''(+)+ก''(&)4) 1 
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2ก)4) 4 ++*+1กก
+*+1&''()+ก''(&)4) 3 
2ก)4) 2   	.) 4.9 !ก.) 4.7  4.9 +* !กก
&''(+	/  +
+)&%

+กF 2.5 - 2.69 GHz  
3.4 - 3.6 GHz % 5.725 - 5.850 GHz F)!ก2) 4
A+OPQ%กก

%
+G	/!  %* -  4+	%+)&.) 4.7  
4.9 	) 4.2   
 
 
 
.) 4.6 &''(

+
+))!)
+) 2.5 - 2.69 GHz 
 3.4 - 3.6 GHz % 5.725 - 5.850 GHz 
 
 
 
.) 4.7 +.'-)!กก-ก
	%4&!&''(

+ 
 
+))
+) 2.5 - 2.69 GHz 3.4 - 3.6 GHz % 5.725 - 5.850 GHz 
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.) 4.8 +.'-)!กก/)+%.'-)!กก-ก0   )-	%4 
&!&''(

+
+))
+) 2.5 - 2.69 GHz 3.4 - 3.6 GHz        
% 5.725 - 5.850 GHz 
 
 
 
.) 4.9 +*+1&!&''(

+
+))
+) 2.5 - 2.69 GHz 
 3.4 - 3.6 GHz % 5.725 - 5.850 GHz 
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) 4.2  4+&!&''(

+
+) 
+) 2.5 GHz 3.5 GHz 5.8 GHz 
1) +.'-)!กก-ก
(S1,1 
S2,2 S3,3 % S4,4) 
-36.786 dB -20.695 dB -16.658 dB 
2) +.'-)!กก/)+ (S1,2)  -22.819 dB -26.974 dB -22.321 dB 
3) +.'-)!กก/)+ (S2,3) -3.112 dB -1.377 dB -4.136 dB 
4) +.'-)!กก/)+ (S1,4) -3.527  dB -2.115 dB -4.099 dB 
5) +.'-)!กก/)+ (S3,4) -27.915 dB -28.426 dB -13.898 dB 
6) +.'-!กก-ก0   )- (S1,3) -10.934 dB -26.241 dB -23.027 dB 
7) +.'-!กก-ก0   )- (S2,4) -10.934 dB -28.241 dB -23.027 dB 
8) +*+1& (S1,4)  -139.67° -28.148° -90.22° 
9) +*+1& (S3,2) -137.4° -24.255° -95.83° 
 
4.4  ก
ก 
 !ก*ก() &G 90° &''(

+

+))
+) 2.5 - 2.69 GHz 3.4 - 3.6 GHz % 5.725 - 5.850 GHz %)1)

+)  -)  2.5 GHz 2.6 GHz 2.69 GHz 3.4 GHz 3.5 GHz 3.6 GHz 5.725 GHz 5.8 GHz % 5.850 
GHz ++กA!ก.G)


+กF  	.) 4.10  4.18 G
 4+R 0 -	/)%!&-	ก 2 F)!%Gก 2%
/&%
+)  
,-(
'( 2.5 - 2.69 GHz F)Gก 4+  
- 
'( 2.5 GHz 
)+!กก +.'-)!กก-ก
 ก.'-)ก !กก
%ก
ก+!ก4)S''(&F)+)Gก -10 dB  *ก()
&++2   +.'-!กก-ก0   )- +.'-)ก 
!กก%ก
ก!กก4))-.& -กก
4)S''(& 0 -
!%+)G+ก)Gก -15 dB %+.'-!กก/)+ +.'-)ก 
!กก2''(!ก4&&-4&ก F)!%++.+ก -10 dB 
 )  	) 4.3 F)4
4+)  A+OPQ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.) 4.10 %



&-ก.G)


+กF)+) 2.5 GHz 
 
 
 
.) 4.11 %



&-ก.G)


+กF)+) 2.6 GHz 
 
 
 
.) 4.12 %



&-ก.G)


+กF)+) 2.69 GHz 
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.) 4.13 %



&-ก.G)


+กF)+) 3.4 GHz 
 
 
 
.) 4.14 %



&-ก.G)


+กF)+) 3.5 GHz 
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.) 4.15 %



&-ก.G)


+กF)+) 3.6 GHz 
 
 
 
.) 4.16 %



&-ก.G)


+กF)+) 5.725 GHz 
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.) 4.17 %



&-ก.G)


+กF)+) 5.8 GHz 
 
 
 
.) 4.18 %



&-ก.G)


+กF)+) 5.850 GHz 
 
+)Gก +*+1&%4)4&ก!%  ) 4.4 F)
A2&ก T&4.)ก%1&''(&กG
&-ก.G)



+กF G+*+1) !G

	+44) .

.ก2
4  	.) 4.19 (ก) +)G+-
-
ก
) 4.5 F)A2) +!ก
กก

 G+*+1) !G

	+44) .

.ก24 
  	.) 4.19 (&) 4
T&G)ก) !กก &
)-
!ก2 
) !กกก

4-Eก-F)	3
+-+
  %G)ก&
4) 6 +G)&. ก(&+2 4 !ก +!ก&	ก
*ก( 
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) 4.3 4+) !กก !)+) 2.5 GHz 
4+ ก  (dB) 
+.'-)!กก-ก
 
S[1,1], S[2,2], S[3,3], S[4,4] -11.876, -13.061, -10.706, -10,335 
S[5,5], S[6,6], S[7,7], S[8,8] -10.964, -12.194, -11.616,-11.281 
+.'-!กก-ก0   )- 
S[2,1], S[3,1], S[4,1] -30.936, -25.075 -30.733 
S[6,5], S[7,5], S[8,5] -27.464, -19.566, -19.724 
+.'-!กก/)+ 
S[5,1], S[6,1], S[7,1], S[8,1] -6.773, -5.817, -6.188, -7.452 
S[5,2], S[6,2], S[7,2], S[8,2] -6.96, -6.232, -6.24, -5.814 
S[5,3], S[6,3], S[7,3], S[8,3] -7.833, -6.63., -5.719, -7.393 
S[5,4], S[6,4], S[7,4], S[8,4] -5.41, -7.685, -5.29, -7.382 
 
) 4.4 2ก T&4.)ก%1&''(&กG
&-ก. 
                      G)


+กF)+) 2.5 GHz 
4''(&
ก 
-กT
) 1 
-กT
) 2 
-กT
) 3 
-กT
) 4 
T&
4.ก 
5 -107.74° 146.07° 157.26° 57.15° 109º 
6 -175.32° -116.78° 83.366° 165.03° 48º 
7 139.24° 89.561° -74.703° 173.75° 129º 
8 40.335° 126.85° 130.03° -116.82° 70º 
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) 4.5 2กก

T&4.)ก%1&''(&กG
&- 
 ก.G)


+กF)+) 2.5 GHz 
4''(&
ก 
-กT
) 1 
-กT
) 2 
-กT
) 3 
-กT
) 4 
T&
4.ก 
5 264.42° 215.31° 172.42° 123.31° 105° 
6 172.42° 307.31° 80.42° 215.31° 42° 
7 215.42° 80.31° 307.42° 172.31° 138° 
8 123.42° 172.31° 215.42° 264.31° 75° 
 
 
 
(ก) 
 
 
 
(&) 
.) 4.19 

.ก24)+) 2.5 GHz (ก) 2ก  (&) 2กก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- 
'( 2.6 GHz 
!ก) 4.6  +.')!กก-ก
 +.'-!กก-ก 
0   )-%+.'-!กก/)+) !กก  4
4+)  
A+OPQ +.'-)!กก-ก
+)Gก -10 dB +.'-!ก
ก-ก0   )-+)G+ก)Gก -15 dB %+.'-!กก/)+++. 
+ก -10 dB !กGก +*+1&%4)4&ก!%  ) 
4.7 F)A2&ก T&4.)ก%1&''(&กG
&-ก.
G)


+กF G+*+1) !G

	+44) .


.ก24  	.) 4.20 (ก) +)G+-
-
ก
) 4.8 F)A2)
 +!กกก

 G+*+1) !G

	+44) .

.ก2
4  	.) 4.20 (&) 4
T&G)ก) !กก &
)-

!ก2) !กกก

4-Eก-F)	3
+-+
  %G)
ก&4) 6 %4) 7 +G)&. ก(&+2 4 !ก +
!ก&	ก*ก( 
 
) 4.6 4+) !กก !)+) 2.6 GHz 
4+ ก  (dB) 
+.'-)!กก-ก
 
S[1,1], S[2,2], S[3,3], S[4,4] -10.142, -14.683, -17.681, -10.166 
S[5,5], S[6,6], S[7,7], S[8,8] -12.31, -26.527, -11.636,-17.135 
+.'-!กก-ก0   )- 
S[2,1], S[3,1], S[4,1] -26.26, -17.099, -34.229 
S[6,5], S[7,5], S[8,5] -17.012, -25.632, -17.012 
+.'-!กก/)+ 
S[5,1], S[6,1], S[7,1], S[8,1] -6.28, -6.128, -7.588, -5.954 
S[5,2], S[6,2], S[7,2], S[8,2] -5.814, -7.06, -7.729, -6.443 
S[5,3], S[6,3], S[7,3], S[8,3] -7.532, -7.577, -6.729, -7.925 
S[5,4], S[6,4], S[7,4], S[8,4] -7.818, -7.278, -6.518, -5.391 
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) 4.7 2ก T&4.)ก%1&''(&กG
&-ก. 
 G)


+กF)+) 2.6 GHz 
4''(&
ก 
-กT
) 1 
-กT
) 2 
-กT
) 3 
-กT
) 4 
T&
4.ก 
5 143.88° 85.724° 140.04° 1.34° 102º 
6 109.57° -171.33° 28.045° 84.913° 48º 
7 85.612° 1.46° 173.22° 122.56° 130º 
8 32.662° 134.97° 96.439° -137.45° 73º 
 
) 4.8 2กก

T&4.)ก%1&''(&กG
&- 
 ก.G)


+กF)+) 2.6 GHz 
4''(&
ก 
-กT
) 1 
-กT
) 2 
-กT
) 3 
-กT
) 4 
T&
4.ก 
5 222.58° 173.5° 130.58° 81.5° 105° 
6 130.58° 265.5° 38.58° 173.5° 42° 
7 173.58° 38.5° 265.58° 130.5° 138° 
8 81.58° 130.5° 173.58° 222.5° 75° 
 
 
 
(ก) 
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(&) 
.) 4.20 

.ก24)+) 2.6 GHz (ก) 2ก  (&) 2กก

  
 
- 
'( 2.69 GHz 
!ก) 4.9 4
4+)  A+OPQ +.'-
)!กก-ก
+)Gก -10 dB +.'-!กก-ก0   )-+)G+ก)Gก 
-15 dB %+.'-!กก/)+++.+ก -10 dB !กGก +*+
1&%4)4&ก!%  ) 4.10 F)A2&ก T&4.)
ก%1&''(&กG
&-ก.G)


+กF G+*+
1) !G

	+44) .

.ก24  	.) 4.21 (ก) +)
G+-
-
ก
) 4.11 F)A2) +!กกก

 G+*+1) 
!G

	+44) .

.ก24  	.) 4.21 (&) 4
T&
G)ก) !กก &
)-
!ก2) !กกก

4-Eก-F)
	3
+-+
  %G)ก&4) 6 %4) 7 +G)
&. ก(&+2 4 !ก +!ก&	ก*ก( 
 
 
 
 
 
  
 
 
 
 
 
 
75 
 
) 4.9 4+) !กก !)+) 2.69 GHz 
4+ ก  (dB) 
+.'-)!กก-ก
 
S[1,1], S[2,2], S[3,3], S[4,4] -11.88, -18.129, -14.501, -12.197 
S[5,5], S[6,6], S[7,7], S[8,8] -14.148, -14.636, -15.528,-17.161 
+.'-!กก-ก0   )- 
S[2,1], S[3,1], S[4,1] -26.841, -18.122, -26.537 
S[6,5], S[7,5], S[8,5] -15.299, -23.542, -20.786 
+.'-!กก/)+ 
S[5,1], S[6,1], S[7,1], S[8,1] -8.025, -7.37, -6.425, -6.402 
S[5,2], S[6,2], S[7,2], S[8,2] -5.244, -7.15, -6.924, -7.217 
S[5,3], S[6,3], S[7,3], S[8,3] -8.237, -7.761, -5.931, -6.923 
S[5,4], S[6,4], S[7,4], S[8,4] -6.171, -5.233, -7.949, -6.774 
 
) 4.10 2ก T&4.)ก%1&''(&กG
&-ก. 
 G)


+กF)+) 2.69 GHz 
4''(&
ก 
-กT
) 1 
-กT
) 2 
-กT
) 3 
-กT
) 4 
T&
4.ก 
5 -177.98° 34.067° 97.14° 53.128° 101º 
6 83.559° 119.74° -55.044° 22.544° 53º 
7 30.664° -40.526° 130.67° 70.192° 130º 
8 -20.052° 74.711° 19.206° 134.64° 77º 
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) 4.11 2กก

T&4.)ก%1&''(&กG
&- 
   ก.G)


+กF)+) 2.69 GHz 
4''(&
ก 
-กT
) 1 
-กT
) 2 
-กT
) 3 
-กT
) 4 
T&
4.ก 
5 180.94° 135.33° 90.94° 45.33° 105° 
6 90.94° 225.33° 0.94° 135.33° 41° 
7 135.44° 0.83° 225.44° 90.83° 139° 
8 45.44° 90.83° 135.44° 180.83° 75° 
 
 
 
(ก) 
 
 
(&) 
.) 4.21 

.ก24)+) 2.69 GHz (ก) 2ก  (&) 2กก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 !ก2&/
+) 2.5 - 2.69 GHz +*T&G)ก&%
+)&กก

%ก   	) 4.12 % 4.13 F)	OPQ	&(%)
)-+)A+)	 R T&G)ก&

.ก24



+)ก) !%++ก)!%+G-.) + 2) !ก	4
T& 
G)ก&%+)+	ก-ก+2&

.ก24!กก 	
.) 4.19  4.21 +T&G)).	
4 ก(&+2 4 !!%ก 
!ก&&ก*ก( F)	3
A)+-+
    
 
) 4.12 *T&G)ก&กก

 
+) (GHz) 
T& 
4.ก 1 
T& 
4.ก 2 
T& 
4.ก 3 
T& 
4.ก 4 
2.5 105° 42° 138° 75° 
2.6 105° 42° 138° 75° 
2.69 105° 42° 138° 75° 
 
) 4.13 *T&G)ก&ก  
+) (GHz) 
T& 
4.ก 1 
T& 
4.ก 2 
T& 
4.ก 3 
T& 
4.ก 4 
2.5 109° 48° 129° 70° 
2.6 102° 48° 130° 73° 
2.69 101° 53° 130° 77° 
 
,-(
'( 3.4 - 3.6  GHz F)Gก 4+  
- 
'( 3.4 GHz 
!ก) 4.14 4
4+)  A+OPQ +.'-
)!กก-ก
+)Gก -10 dB +.'-!กก-ก0   )-+)G+ก)Gก 
-15 dB %+.'-!กก/)+++.+ก -10 dB !กGก +*+
1&%4)4&ก!%  ) 4.15 F)A2&ก T&4.)
ก%1&''(&กG
&-ก.G)


+กF G+*+
1) !G

	+44) .

.ก24  	.) 4.22 (ก) +)
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G+-
-
ก
) 4.16 F)A2) +!กกก

 G+*+1) 
!G

	+44) .

.ก24  	.) 4.22 (&) 4
T&
G)ก) !กก &
)-
!ก2) !กกก

4-Eก-F)
	3
+-+
  %G)ก&4) 6 +G)&. 
ก(&+2 4 !ก +!ก&	ก*ก( 
 
) 4.14 4+) !กก !)+) 3.4 GHz 
4+ ก  (dB) 
+.'-)!กก-ก
 
S[1,1], S[2,2], S[3,3], S[4,4] -10.142, -17.111, -26.353, -21.866 
S[5,5], S[6,6], S[7,7], S[8,8] -19.353, -26.394, -22.819,-24.828 
+.'-!กก-ก0   )- 
S[2,1], S[3,1], S[4,1] -29.875., -25.691, -28.201 
S[6,5], S[7,5], S[8,5] -23.542, -25.532, -31.135 
+.'-!กก/)+ 
S[5,1], S[6,1], S[7,1], S[8,1] -5.822, -7.799, -7.012, -5.012 
S[5,2], S[6,2], S[7,2], S[8,2] -7.345, -5.692, -6.239, -7.422 
S[5,3], S[6,3], S[7,3], S[8,3] -6.624, -6.88, -5.426, -7.153 
S[5,4], S[6,4], S[7,4], S[8,4] -5.936, -7.404, -6.032, -6.498 
 
) 4.15 2ก T&4.)ก%1&''(&กG
&-ก. 
 G)


+กF)+) 3.4 GHz 
4''(&
ก 
-กT
) 1 
-กT
) 2 
-กT
) 3 
-กT
) 4 
T&
4.ก 
5 89.522° 78.941° -14.532° -12.265° 103° 
6 -23.972° -170.1° -103.53° 75.95° 36° 
7 -13.708° 172.33° 75.713° -75.34° 139° 
8 -9.72° -26.087° 75.162° 68.567° 79° 
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) 4.16 2กก

T&4.)ก%1&''(&กG
&- 
 ก.G)


+กF)+) 3.4 GHz 
4''(&
ก 
-กT
) 1 
-กT
) 2 
-กT
) 3 
-กT
) 4 
T&
4.ก 
5 237.26° 193.06° 148° 103.74° 104° 
6 148° 282.38° 58.74° 193.06° 41° 
7 193.06° 58.74° 282.38° 148° 139° 
8 103.74° 148° 193.06° 237.26° 76° 
 
 
 
(ก) 
 
  
 
(&) 
.) 4.22 

.ก24)+) 3.4 GHz (ก) 2ก  (&) 2กก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- 
'( 3.5 GHz 
!ก) 4.17  +.')!กก-ก
 +.'-!กก-ก 
0   )-%+.'-!กก/)+) !กก  4
4+)  
A+OPQ +.'-)!กก-ก
+)Gก -10 dB +.'-!ก
ก-ก0   )-+)G+ก)Gก -15 dB %+.'-!กก/)+++.+
ก -10 dB !กGก +*+1&%4)4&ก!%  ) 4.18 
F)A2&ก T&4.)ก%1&''(&กG
&-ก. 
G)


+กF G+*+1) !G

	+44) .


.ก24  	.) 4.23 (ก) +)G+-
-
ก
) 4.19 F)A2)
 +!กกก

 G+*+1) !G

	+44) .

.ก2
4  	.) 4.23 (&) 4
T&G)ก) !กก &
)-

!ก2) !กกก

4-Eก- ก(&+2 4 !ก +!ก&	ก
*ก( F)	3
+-+
  
 
) 4.17 4+) !กก !)+) 3.5 GHz 
4+ ก  (dB) 
+.'-)!กก-ก
 
S[1,1], S[2,2], S[3,3], S[4,4] -10.142, -24.051, -14.41, -15.715 
S[5,5], S[6,6], S[7,7], S[8,8] -12.31, -26.527, -11.636,-17.135 
+.'-!กก-ก0   )- 
S[2,1], S[3,1], S[4,1] -30.334, -22.834, -33.531 
S[6,5], S[7,5], S[8,5] -28.538, -24.497, -35.393 
+.'-!กก/)+ 
S[5,1], S[6,1], S[7,1], S[8,1] -5.09, -6.073, -7.959, -7.623 
S[5,2], S[6,2], S[7,2], S[8,2] -5.6, -7.917, -6.386, -7.068 
S[5,3], S[6,3], S[7,3], S[8,3] -7.067, -6.858, -6.154, -7.913 
S[5,4], S[6,4], S[7,4], S[8,4] -6.827, -7.361, -5.016, -7.068 
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) 4.18 2ก T&4.)ก%1&''(&กG
&-ก. 
 G)


+กF)+) 3.5 GHz 
4''(&
ก 
-กT
) 1 
-กT
) 2 
-กT
) 3 
-กT
) 4 
T&
4.ก 
5 89.522° 78.941° -14.532° -12.265° 103° 
6 -23.972° -170.1° -103.53° 75.95° 36° 
7 136.77° -27.712° -74.802° 45.085° 139° 
8 -9.72° -26.087° 75.162° 68.567° 79° 
 
) 4.19 2กก

T&4.)ก%1&''(&กG
&- 
 ก.G)


+กF)+) 3.5 GHz 
4''(&
ก 
-กT
) 1 
-กT
) 2 
-กT
) 3 
-กT
) 4 
T&
4.ก 
5 189.23° 145.66° 100.45° 56.83° 104° 
6 100.45° 234.49° 11.67° 145.66° 41° 
7 145.8° 11.53° 234.63° 100.31° 139° 
8 56.97° 100.31° 145.8° 189.09° 76° 
 
 
 
(ก) 
  
 
 
 
 
 
 
82 
 
 
 
(&) 
.) 4.23 

.ก24)+) 3.5 GHz (ก) 2ก  (&) 2กก

 
 
- 
'( 3.6 GHz 
!ก) 4.20 4
4+)  A+OPQ +.'-
)!กก-ก
+)Gก -10 dB +.'-!กก-ก0   )-+)G+ก)Gก 
-15 dB %+.'-!กก/)+++.+ก -10 dB !กGก +*+
1&%4)4&ก!%  ) 4.21 F)A2&ก T&4.)
ก%1&''(&กG
&-ก.G)


+กF G+*+
1) !G

	+44) .

.ก24  	.) 4.24 (ก) +)
G+-
-
ก
) 4.22 F)A2) +!กกก

 G+*+1) 
!G

	+44) .

.ก24  	.) 4.24 (&) 4
T&
G)ก) !กก &
)-
!ก2) !กกก

4-Eก- ก(
&+2 4 !ก +!ก&	ก*ก( F)	3
+
-+
  
 
 
 
 
 
  
 
 
 
 
 
 
83 
 
) 4.20 4+) !กก !)+) 3.6 GHz 
4+ ก  (dB) 
+.'-)!กก-ก
 
S[1,1], S[2,2], S[3,3], S[4,4] -10.142, -14.388, -17.467, -23.626 
S[5,5], S[6,6], S[7,7], S[8,8] -18.882, -12.641, -16.17836,-19.604 
+.'-!กก-ก0   )- 
S[2,1], S[3,1], S[4,1] -31.509, -13.661, -49.848 
S[6,5], S[7,5], S[8,5] -27.271, -24.52, -30.211 
+.'-!กก/)+ 
S[5,1], S[6,1], S[7,1], S[8,1] -6.883, -7.58, -5.441, -6.37 
S[5,2], S[6,2], S[7,2], S[8,2] -7.568, -6.395, -6.315, -5.28 
S[5,3], S[6,3], S[7,3], S[8,3] -6.277, -5.524, -7.612, -6.314 
S[5,4], S[6,4], S[7,4], S[8,4] -5.208, -6.261, -6.677, -7.28 
 
) 4.21 2ก T&4.)ก%1&''(&กG
&-ก. 
 G)


+กF)+) 3.6 GHz 
4''(&
ก 
-กT
) 1 
-กT
) 2 
-กT
) 3 
-กT
) 4 
T&
4.ก 
5 23.335° -28.121° -89.21° -122.89° 106° 
6 -72.666° 64.471° -169.14° -31.505° 42° 
7 -13.708° 172.33° 75.713° -75.34° 139° 
8 -112.41° -88.36° -36.606° 20.535° 76° 
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) 4.22 2กก

T&4.)ก%1&''(&กG
&- 
 ก.G)


+กF)+) 3.6 GHz 
4''(&
ก 
-กT
) 1 
-กT
) 2 
-กT
) 3 
-กT
) 4 
T&
4.ก 
5 138.8° 95.69° 50.29° 7.18° 104° 
6 50.29° 184.2° -38.22° 95.69° 41° 
7 95.79° -38.32° 184.3° 50.19° 139° 
8 7.28° 50.19° 95.79° 138.7° 76° 
 
 
 
(ก) 
 
 
 
(&) 
.) 4.24 

.ก24)+) 3.6 GHz (ก) 2ก  (&) 2กก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!ก2&/
+) 3.4 - 3.6 GHz +*T&G)ก&%
+)&กก

%ก   	) 4.23 % 4.24 F)	OPQ	&(%)
)-+)A+)	 R T&G)ก&

.ก24



+)ก) !%++ก)!%+G-.) + 2) !ก	4
T& 
G)ก&%+)+	ก-ก+2&

.ก24!กก 	
.) 4.22 +T&G)).	
4 ก(&+2 4 !!%ก !ก
&&ก*ก( F)	3
A)+-+
  
 
) 4.23 *T&G)ก&กก

 
+) (GHz) 
T& 
4.ก 1 
T& 
4.ก 2 
T& 
4.ก 3 
T& 
4.ก 4 
3.4 104° 41° 139° 76° 
3.5 104° 41° 139° 76° 
3.6 104° 41° 139° 76° 
 
) 4.24 *T&G)ก&ก  
+) (GHz) 
T& 
4.ก 1 
T& 
4.ก 2 
T& 
4.ก 3 
T& 
4.ก 4 
3.4 103° 36° 139° 79° 
3.5 106° 40° 143° 79° 
3.6 106° 42° 139° 76° 
 
,-(
'( 5.725 - 5.850 GHz F)Gก 4+  
- 
'( 5.725 GHz 
!ก) 4.25 4
4+)  A+OPQ +.'-
)!กก-ก
+)Gก -10 dB +.'-!กก-ก0   )-+)G+ก)Gก 
-15 dB %+.'-!กก/)+++.+ก -10 dB !กGก +*+
1&%4)4&ก!%  ) 4.26 F)A2&ก T&4.)
ก%1&''(&กG
&-ก.G)


+กF G+*+
1) !G

	+44) .

.ก24  	.) 4.25 (ก) +)
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G+-
-
ก
) 4.27 F)A2) +!กกก

 G+*+1) 
!G

	+44) .

.ก24  	.) 4.25 (&) 4
T&
G)ก) !กก &
)-
!ก2) !กกก

4-Eก- ก(
&+2 4 !ก +!ก&	ก*ก( F)	3
+
-+
  
 
) 4.25 4+) !กก !)+) 5.725 GHz 
4+ ก  (dB) 
+.'-)!กก-ก
 
S[1,1], S[2,2], S[3,3], S[4,4] -15.302, -13.429, -14.028, -10,335 
S[5,5], S[6,6], S[7,7], S[8,8] -11.646, -13.114, -11.273,-15.284 
+.'-!กก-ก0   )- 
S[2,1], S[3,1], S[4,1] -29.027, -19.468 -26.436 
S[6,5], S[7,5], S[8,5] -14.598, -30.719, -24.883 
+.'-!กก/)+ 
S[5,1], S[6,1], S[7,1], S[8,1] -6.261, -7.288, -5.981, -6.252 
S[5,2], S[6,2], S[7,2], S[8,2] -7.024, -5.557,-6.245, -5.227 
S[5,3], S[6,3], S[7,3], S[8,3] -6.317, -5.984, -5.811, -7.466 
S[5,4], S[6,4], S[7,4], S[8,4] -5.438, -6.943, -7.996, -6.877 
 
) 4.26 2ก T&4.)ก%1&''(&กG
&-ก. 
 G)


+กF)+) 5.725 GHz 
4''(&
ก 
-กT
) 1 
-กT
) 2 
-กT
) 3 
-กT
) 4 
T&
4.ก 
5 141.41° 49.734° 8.37° -11.698° 106° 
6 -4.022° 160.7° -90.695° 32.908° 44° 
7 69.355° -87.793° 173.2° 14.911° 138° 
8 -9.98° 71.177° 89.512° 154.23° 73° 
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) 4.27 2กก

T&4.)ก%1&''(&กG
&- 
 ก.G)


+กF)+) 5.725 GHz 
4''(&
ก 
-กT
) 1 
-กT
) 2 
-กT
) 3 
-กT
) 4 
T&
4.ก 
5 76.64° 203.31° -19.06° 107.64° 105° 
6 -19.03° 299.01° -114.73° 203.34° 43° 
7 203.47° -114.73° 299.14° -19.03° 137° 
8 107.77° -19.06° 203.44° 76.64° 75° 
 
 
 
(ก) 
 
 
 
(&) 
.) 4.25 

.ก24)+) 5.725GHz (ก) 2ก  (&) 2กก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- 
'( 5.8 GHz 
!ก) 4.28 4
4+)  A+OPQ +.'-
)!กก-ก
+)Gก -10 dB +.'-!กก-ก0   )-+)G+ก)Gก 
-15 dB %+.'-!กก/)+++.+ก -10 dB !กGก +*+
1&%4)4&ก!%  ) 4.29 F)A2&ก T&4.)
ก%1&''(&กG
&-ก.G)


+กF G+*+
1) !G

	+44) .

.ก24  	.) 4.26 (ก) +)
G+-
-
ก
) 4.30 F)A2) +!กกก

 G+*+1) 
!G

	+44) .

.ก24  	.) 4.26 (&) 4
T&
G)ก) !กก &
)-
!ก2) !กกก

4-Eก- ก(
&+2 4 !ก +!ก&	ก*ก( F)	3
+
-+
  
 
) 4.28 4+) !กก !)+) 5.8 GHz 
4+ ก  (dB) 
+.'-)!กก-ก
 
S[1,1], S[2,2], S[3,3], S[4,4] -13.143, -12.205, -14.609, -11.455 
S[5,5], S[6,6], S[7,7], S[8,8] -14.304, -11.468, -13.711,-10.064 
+.'-!กก-ก0   )- 
S[2,1], S[3,1], S[4,1] -27.9, -20.186 -33.005 
S[6,5], S[7,5], S[8,5] -14.241, -20.121, -28.371 
+.'-!กก/)+ 
S[5,1], S[6,1], S[7,1], S[8,1] -6.404, -6.94, -7.35, -5.42 
S[5,2], S[6,2], S[7,2], S[8,2] -7.675, -5.994, -7.049, -6.187 
S[5,3], S[6,3], S[7,3], S[8,3] -6.723, -5.899, -5.454, -7.221 
S[5,4], S[6,4], S[7,4], S[8,4] -5.791, -6.81, -7.635, -6.35 
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) 4.29 2ก T&4.)ก%1&''(&กG
&-ก. 
 G)


+กF)+) 5.8 GHz 
4''(&
ก 
-กT
) 1 
-กT
) 2 
-กT
) 3 
-กT
) 4 
T&
4.ก 
5 157.27° 96.503° 51.588° -5.111° 107° 
6 47.785° -158.1° -44.882° 93.685° 42° 
7 103.74° -45.215° -171.85° 73.727° 136° 
8 50.518° 120.29° 133.18° -159.63° 75° 
 
) 4.30 2กก

T&4.)ก%1&''(&กG
&- 
 ก.G)


+กF)+) 5.8 GHz 
4''(&
ก 
-กT
) 1 
-กT
) 2 
-กT
) 3 
-กT
) 4 
T&
4.ก 
5 56.52° 168.49° -36.73° 75.28° 106° 
6 -36.69° 261.74° -129.94° 168.53° 44° 
7 168.68° -129.94° 261.89° -36.69° 136° 
8 75.43° -36.73° 168.64° 56.52° 74° 
 
 
 
(ก) 
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(&) 
.) 4.26 

.ก24)+) 5.8 GHz (ก) 2ก  (&) 2กก

 
 
- 
'( 5.850 GHz 
!ก) 4.31  +.')!กก-ก
 +.'-!กก-ก 
0   )-%+.'-!กก/)+) !กก  4
4+)  
A+OPQ +.'-)!กก-ก
+)Gก -10 dB +.'-!ก
ก-ก0   )-+)G+ก)Gก -15 dB %+.'-!กก/)+++. 
+ก -10 dB !กGก +*+1&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) 4.31 4+) !กก !)+) 5.850 GHz 
4+ ก  (dB) 
+.'-)!กก-ก
 
S[1,1], S[2,2], S[3,3], S[4,4] -13.514, -12.539, -15.605, -10.63 
S[5,5], S[6,6], S[7,7], S[8,8] -17.623, -13.439, -15.726,-11.255 
+.'-!กก-ก0   )- 
S[2,1], S[3,1], S[4,1] -30.637, -16.153, -36.322 
S[6,5], S[7,5], S[8,5] -13.28, -32.716, -32.557 
+.'-!กก/)+ 
S[5,1], S[6,1], S[7,1], S[8,1] -5.879, -6.282., -7.52, -5.45 
S[5,2], S[6,2], S[7,2], S[8,2] -7.244, -5.655, -7.85, -6.007 
S[5,3], S[6,3], S[7,3], S[8,3] -6.451, -5.895, -5.027, -6.171 
S[5,4], S[6,4], S[7,4], S[8,4] -5.052, -16.832., -7.052, -6.815 
 
) 4.32 2ก T&4.)ก%1&''(&กG
&-ก. 
 G)


+กF)+) 5.850 GHz 
4''(&
ก 
-กT
) 1 
-กT
) 2 
-กT
) 3 
-กT
) 4 
T&
4.ก 
5 92.276° 37.408° -13.258° -68.004° 107° 
6 -13.23° 136.45° -105.83° 24.57° 43° 
7 28.507° -99.588° 133.39° 13.821° 134° 
8 -32.716° 58.806° 92.655° 139.62° 72° 
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) 4.33 2กก

T&4.)ก%1&''(&กG
&- 
 ก.G)


+กF)+) 5.850 GHz 
4''(&
ก 
-กT
) 1 
-กT
) 2 
-กT
) 3 
-กT
) 4 
T&
4.ก 
5 40.902° 144.331° -50.319° 53.15° 45° 
6 -50.279° 235.552° -141.5° 144.371° 107° 
7 144.571° -141.5° 235.752° -50.279° 73° 
8 53.35° -50.319° 144.531° 40.902° 135° 
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%ก  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) 4.34 % 4.35 F)	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) 4.34 *T&G)ก&กก

 
+) (GHz) 
T&4.
ก 1 
T&4.
ก 2 
T&4.
ก 3 
T&4.
ก 4 
5.725 105° 43° 137° 75° 
5.8 106° 44° 136° 74° 
5.850 107° 45° 135° 73° 
 
) 4.35 *T&G)ก&ก  
+) (GHz) 
T&4.
ก 1 
T&4.
ก 2 
T&4.
ก 3 
T&4.
ก 4 
5.725 106° 44° 138° 73° 
5.8 107° 42° 136° 75° 
5.850 107° 43° 134° 72° 
 
 !ก+
+)&ก 
 !% 

.ก24&%/
+) F)!%Gก-
-
FE+ )&

.ก24&
%4!ก+ก (4.1) %!%	/T&4.)ก&%/
+)	ก
ก

A	OPQ	ก ) 4.36 - 4.38  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%100% ×
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nn
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 +) error%   FE+ ) 
           
n
Y   ) !กOPQ 
            
n
X  ) !กก  
 
,-(
'( 2.5 - 2.69 GHz  
) 4.36 -
-
FE+ )&4.)ก&/
+)  
 2.5 - 2.69 GHz 
+) (GHz) 4.)ก 1 4.)ก 2 4.)ก 3 4.)ก 4 
2.5 3.8% 14.28% 6.52% 6.67% 
2.6 2.85% 14.28% 5.79% 2.67% 
2.69 3.81% 10.42% 5.79% 2.67% 
 
,-(
'( 3.4 - 3.6 GHz 
) 4.37 -
-
FE+ )&4.)ก&/
+) 
 3.4 - 3.6 GHz 
+) (GHz) 4.)ก 1 4.)ก 2 4.)ก 3 4.)ก 4 
3.4 0.96% 12.19% 0% 3.94% 
3.5 1.92% 2.43% 2.87% 3.94% 
3.6 1.92% 2.43% 0% 0% 
 
,-(
'( 5.725 - 5.850 GHz  
) 4.38 -
-
FE+ )&4.)ก&/
+)    
5.725 - 5.850 GHz 
+) (GHz) 4.)ก 1 4.)ก 2 4.)ก 3 4.)ก 4 
5.725 0.95% 2.32% 0.73% 2.67% 
5.8 0.94% 4.54% 0% 1.35% 
5.850 0% 4.44% 0.74% 1.37% 
 
 !กก-
-
FE+ )&

.ก24&4.)
ก&%4	%
+)4
	/
+)) 2.5 - 2.69 GHz !%+
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FE+ ).ก
+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 ! 90° 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ก
 2.59% F)+
+กก)/
+) 3.5 GHz % 5.8 GHz )+ก
 0.67% % 0.468% +G 
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